Abstract. The investigation reported in this communication was concerned with the biosynthesis of ferredoxin in a cell-free system. A cell-free system, with the ability to incorporate amino acids into peptides and proteins, was developed from Cl. pasteurianum, and its requirements were established. After the incorporation of L-alanine-C' , ferredoxin-C" was isolated in crystalline form with the aid of added carrier ferredoxin. Amino acid analyses and absorption spectra strongly indicated that the isolated ferredoxin-C14, crystallized three times, was essentially free from impurities. Furthermore, experiments with Fe"9 strongly indicated that the iron may combine with the apoprotein after the latter is completely synthesized and released from the polysomes.
Ferredoxin, an iron-containing protein which participates in electron-transfer processes, was isolated originally from Clostridium pasteurianurn.1 Subsequently, similar ferredoxins were obtained from other anaerobic bacteria. [2] [3] [4] The Cl. pasteurianuum ferredoxin has a molecular weight of about 6000, contains 7-S sulfide groups and 7-S iron atoms per mole,5-7 and its complete amino acid sequences have been elucidated.8
Materials and Methods.-Cl. pasteurianum cultures: This anaerobic, nitrogen-fixing bacterium was obtained from the American Type Culture Collection, Washington, D. C.
Stock cultures of Cl. pasteurianum were maintained in tubes of beef liver medium, stored at room temperature, and transferred at 6-month intervals. Seed cultures were grown in potato medium. 9 The medium was prepared by adding a small amount of calcium carbonate to 150 X 18-mm test tubes, a 2-inch deep layer of small pieces of peeled potato, and 15 ml of cold tap water and sterilization at 15 lb steam pressure for 15 min. ImmediatelyI prior to use, tubes of potato medium that had been stored at 4°-6°were placed in boiling water for 15 min, cooled rapidly, and inoculated. The cultures were incubated at room temperature in atmospheric air; cultures were transferred to fresh potato medium at 4-5-day intervals. For ribosome preparations, Cl. pasteurianum was grown in a synthetic medium similar to that described by Carnahan and Castle.'0 For conlvenlience, and to avoid precipitates formed during heat sterilization, the medium was prepared from the following stock solutions. Solution I (K2HPO4, 110gm; KH2PO4, 15gm; and distilled water to 1 liter). The solution was then autoclaved at 15 lb for 30 min and cooled to room temperature. Solution II (FeSO4. 7H20, 330 mg) was dissolved in 120 ml of distilled water and sterilized by passage through a -Millipore filter (25 mm, HA 45,4). Solution III (Dbiotin 10 mg in 100 ml distilled water) and solution IV (p-aminobenzoic acid 10 mg in 100 ml distilled water) were divided into 15-ml aliquots and stored frozen.
The complete medium (10 liters) consisted of MgSO4-H20, 1.0 gm; NaCl, 1.0 gm; Na2MIoO4 2H20, 0.1 gm; (NH4)2SO4, 20 gm; distilled water, 9.0 liters; and 1. 2 hr to yield a ribosome pellet and the S100 supernatant fraction. All these procedures were conducted at 0°-20.
Fractionation of ribosomal preparations into polysomes of varying aggregate size: The sedimentation patterns of ribosomal preparations were obtained as has been described in previous publications." ' 12 Cell-free amino acid incorporating system: This system has been described in detail in previous publications. " Briefly, ribosomes were suspended in an ice-cold buffer solution (0.045 J1 Tris, 0.0075 M MgCl2, 0.075 M NaCl, and 0.08 Mf NH4Cl, pH 7.2) containing 0.8 /Amole of ,3-mercaptoethanol, 15 umoles of phosphoenolpyruvic acid (tri-sodium salt), 50 Ag pyruvate kinase, 1.0 Mmole ATP, 0.5 /Amole GTP, 5 Mmoles of the labeled C'4 amino acid, and a mixture of 19 amino acids, exclusive of the amino acid-C'4 used in the assay. This mixture supplied 5 jtmoles of each amino acid per assay tube. The ribosome suspension was incubated in the presence of G25-S100 fraction obtained by gel filtration of the S100 fraction through a Sephadex G-25 1.2 X 50-cm column, as has been described earlier." The gel filtration separates the amino acids and nucleotides from the proteins and tRNA's of the S100 fraction. The protein-tRNA fraction (the first peak appearing upon chromatography) constitutes the G25-S100 fraction.
Measurement of radioactivity: The preparation of samples for measurement of radioactivity by a Packard Tri-carb liquid scintillation spectrometer has been described in detail in previous publications." Samples of crystalline ferredoxin were counted by dissolving the ferredoxin in water and by using Bray's scintillation liquid. Finally, radioactivity from Fe'9 was measured with an auto-gamma Packard spectrometer system. Isolation offerredoxin: Ferredoxin was purified essentially by the method of Lovenberg and Sobel.'4 Amino acid analyses of acid hydrolysates were performed in a BeckmanSpinco amino acid analyzer equipped with a digital readout system (1Iodel CRS-1OAB, Infotronics Corp., Houston) according to the method of Spackman et al.'5 The absorption spectrum of oxidized ferredoxin was measured in a Cary recording spectrophotometer (Model 14) .
Results and Discussion.-Cell-free amino acid incorporating system from Cl. pasteurianum: Ribosomes ( Fig. 1 ) from cells harvested at the middle of the logarithmic phase were prepared as described in Materials and Methoods and used in the cell-free system. The requirements of the cell-free amino acid incorporating system are summarized in Table 1 . The incorporating system is dependent on ATP, GTP, and amino acids. This was expected because the soluble fraction (S100) was chromatographed through a G-25 Sephadex column prior to its use in the incorporation assay. This procedure presumably separates the smallmolecular-weight amino acids and nucleotides from the proteins and tRNA's of the soluble fraction. Ribosomes and the factors of the soluble fraction (enzymes, tR.NA's) were also necessary in the incorporating system for obvious reasons. The addition of FeSO4, up to 1 sg per assay tube, did not affect (stimulate or inhibit) the incorporation of L-alanine-C14. The time, course of L-alanine-CU4 incorporation is depicted in Figure 2 . The rate of L-alanine-C"4 incorporation decreases progressively with incubation time, and the profile of the curve describing the course of incorporation is similar to those obtained with cell-free systems from bacterial or mammalian cells. Biosynthesis of ferredoxin in the cell-free system: Ribosomes from Cl. pasteurianum were incubated in the cell-free system, in the presence of L-alanine-C"4 and 0.2 jig of FeSO4 per assay tube, at 370 for 45 min. At the end of the incubation time, all assay tubes were pooled and stored in a freezer. Ribosomes from approximately 750 gm of cells, harvested from 10 cultures (10 liters each), were pooled together and used in the incorporation assays. After the frozen material was thawed, 20 mg of crystalline ferredoxin were added to serve as a carrier. This was followed by extraction with one volume of acetone, and the ferredoxin was isolated in crystalline form from the solution by the method of Lovenberg and Sobel.'4 The complete experiment is described schematically in Figure 3 . After centrifugation of the acetone extract, the supernatant fluid was applied to a 0.9 X 28-cm DEAE-cellulose column (DEAE, Mannex standard capacity 0.9 A 0.1 meq/gm). The column was then washed with 5 vol of water and eluted with 0.15 M Tris-chloride buffer. During this elution step, the (Fd #3) . Finally, the crystalline Fd #3 was recrystallized once more to yield Fd #4. The specific activities of Fd #1, 2, 3, and 4 in cpm/mg were 2736, 2840, 2920, and 2936, respectively. The specific activities of preparations 3 and 4 were very close, whereas a small increase in activity was observed from preparation 1 to 2 to 3, 4. Amino acid analyses of samples 2, 3, and 4 are depicted in Table 2 . As one would expect, the analysis of Fd #2, 3, and 4 gives the correct amino acid composition for Cl. pasteurianum ferredoxin. 1\lore important, however, was the complete absence of even traces of the amino acids histidine, arginine, leucine, and methionine that are not found in ferredoxin. Finally, the isolated crystalline ferredoxin gave the same characteristic absorption spectrum with the ferredoxin used as carrier. The data of specific radioactivity, amino acid analysis, and absorption spectra strongly indicated that the isolated ferredoxin, crystallized three times, was essentially free from impurities. Biosynthesis of FeP9-ferredoxin: For this experiment, Cl. pasteurianum was grown in the presence of Fe59SO4 (10 ,uc/10 liters of culture medium). The cells were harvested by centrifugation, and about 15 gm of cells were used for obtaining polysome profiles (Fig. 4) 20 mg of crystalline ferredoxin were added as carrier, and the ferredoxin was isolated in the crystalline form (recrystallized three times) and counted with an auto-gamma Packard spectrometer system. The total cpm of the ferredoxin recovered was 210,000 and the specific radioactivity 28,000 cpm/mg. Despite this high activity, the polysome profiles depicted in Figure 4 do not show any appreciable radioactivity. This strongly indicates that the growing apoferredoxin chains on the polysomes do not contain any iron. This suggests that the combination of the iron-apoprotein takes place after the latter is completely synthesized and released from the polysomes.
